Introduction {#Sec1}
============

Scintillating cryogenic detectors are excellent devices for rare events investigations. Their use was first proposed in 1989 for the detection of solar neutrinos \[[@CR1]\]. However, large target masses were needed, and the technology was yet not enough mature. Bolometers are nowadays extensively used both for applied physics \[[@CR2]\] and fundamental physics \[[@CR3]\].

One of the main challenge for next generation bolometric experiments is to increase the experimental sensitivity using larger mass detectors with lower background level in the region of interest (RoI). This is the case of CUORE \[[@CR4]\], the first-ever ton-scale bolometric experiment searching for $\documentclass[12pt]{minimal}
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CUPID \[[@CR7], [@CR8]\] (CUORE Upgrade with Particle IDentification) aims at developing the technology of scintillating bolometers for the realization of a next generation $\documentclass[12pt]{minimal}
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CUPID-0 (formerly LUCIFER \[[@CR10]\]) is the first demonstrator of such technology, operating an array of 26 scintillating bolometers of Zn$\documentclass[12pt]{minimal}
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The detector is installed in the Hall A of the Gran Sasso Underground Laboratory (LNGS) of INFN, sited in Italy. This unique location ensures an effective shielding against high energy cosmic rays of about 3600 m.w.e..

In this work we describe in detail all the procedures for the realization and operation of the CUPID-0 detector, from the production of the fundamental units, the scintillating bolometers, to the processing of the thermal sensors for the signal read-out, and also the surface treatment for the reduction of surface contaminations. A review of the detector operations and performance will also be discussed.

Operation of scintillating bolometers {#Sec2}
=====================================

A scintillating bolometer is a scintillating crystal absorber which is operated as highly sensitive calorimeter at low temperature. The absorber is kept at cryogenic temperature, few tens of mK, in order to minimize its heat capacity[1](#Fn1){ref-type="fn"}. In these conditions an energy deposit induces a sizeable temperature variation measured by means of a Ge Neutron Transmutation Doped (NTD) thermistor \[[@CR14]\]. This induces a perturbation of the crystal lattice which is mediated by phonons, these have energies of the order of few $\documentclass[12pt]{minimal}
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When the absorber is also a good scintillator at low temperature, a fraction of the deposited energy in the absorber is converted into a light signal. This can be read out by a suitable light detector (LD) facing the crystal. By means of the read-out of heat and light signal the identification of the type of interacting particle is feasible, thus allowing for the rejection of $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha $$\end{document}$ particle interactions. Currently, the best choice for light detection in such ultra low background and low temperature environment is the operation of an auxiliary bolometer. CUPID-0 uses Ge absorbers equipped with a thermal sensor similar to the one used in the main absorber.Fig. 1Schematic view of a single module scintillating bolometer

In Fig. [1](#Fig1){ref-type="fig"} a schematic view of a CUPID-0 single module is shown. The ZnSe crystals and the Ge LDs are thermally coupled to the heat bath by means of a copper structure. The two absorbers are held in position by means of PTFE clamps. These act also as weak thermal link to the heat sink and at the same time compensate for the different thermal contractions of the absorbers and of the copper. The difference in mass between the ZnSe, about 450 g, and the LD, about 1 g, requires the design of different thermal sensors which must take into account the different heat capacities. The entire set-up is enclosed in a light reflector which helps in maximizing the light collection efficiency and thus to make the particle identification more efficient.

Design of the CUPID-0 detector array {#Sec3}
====================================

The CUPID-0 detector is completely different from any other previously designed bolometric experiment due to its high degree of complexity: large number of channels, extremely compact structure and different absorber dimensions [2](#Fn2){ref-type="fn"}. This forced the collaboration to the design of a detector structure which had to be reliable, flexible and light at the same time.

CUPID-0 is an array of 26 ZnSe crystals, 24 highly enriched in $\documentclass[12pt]{minimal}
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                \begin{document}$$^{82}$$\end{document}$Se at a level of 95% and 2 naturals[3](#Fn3){ref-type="fn"}. All the crystals are arranged in a tower like structure and in total there are 5 towers, four containing 5 crystals and one with 6 crystals. The position of the crystals inside the different towers is done in a way such that each tower has about the same weight (height) of about 2 kg (30 cm). The overall number of $\documentclass[12pt]{minimal}
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Each tower is about 30 cm tall, the ZnSe crystals are interleaved with Ge-LDs. As it is shown in Fig. [2](#Fig2){ref-type="fig"}, each ZnSe is faced to two LDs, one on the top and one on the bottom, so that there is redundancy in the light signal read-out in case of any issue related to their performance.

In order to minimize the amount of passive material next to the detector, which may induce a $\documentclass[12pt]{minimal}
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                \begin{document}$$\beta /\gamma $$\end{document}$ background in the RoI due to its internal radioactive contaminations, the only components selected for the detector construction are: copper, PTFE and light reflectors (VIKUITI-3M). All of the Cu pieces were machined from large Cu chunks from NOSV Cu of Norddeutsche Affinerie AG [4](#Fn4){ref-type="fn"}.

The structure is composed by copper frames and columns. The innovative idea for making the simplest possible structure was to use a single copper frame both as ZnSe and LD holder, as it is shown in Fig. [2](#Fig2){ref-type="fig"}. In fact the top part of the circular copper component on its upper part holds the crystal, while the bottom part acts on the LD. Progressively on the top of the crystal there is a second frame (like the previous one, but inverted) where on its top part a new LD is set in place. Using this new type of design for each ZnSe and its adjacent LD only two copper frames are needed. The frames are kept together by means of 3 copper columns, whose lengths is specifically defined by each crystal height. We were able to push down the overall amount of copper in the detector structure and ancillary parts to 22% of the overall detector mass, an unprecedented value compared to any previous bolometric experiment.

The second material employed for the detector construction is PTFE, which was used to secure in place the two absorbers. This was machined in two sets of pieces: one with a S-shape for the ZnSe and one with a O-shape for the LD. The ZnSe crystals are supported with three S-shaped PTFE holders on the bottom and three on the top, while the LDs are clamped by three O-shape holders by means of a narrow slit made on the perpendicular axis of the holder. The overall fraction of PTFE in the structure amounts to 0.1%.

The last component used for the realization of the CUPID-0 detector is the light reflector VIKUITI from 3M. This plastic foil is shaped in cylinders and placed around each crystal, to maximize the light collection efficiency on the two LDs. The reflector completely surrounds the crystals avoiding any line of sight between the absorbers and the closest cryostat radiation shield at 50 mK. This allowed us to prevent the installation of a massive copper shield around the detector at $\documentclass[12pt]{minimal}
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Detector components {#Sec4}
===================

Each component employed for the detector construction was specifically selected for its intrinsic radiopurity. After material screening for each item a dedicated cleaning and purification technique was adopted, the final goal was to mitigate and prevent any recontamination. This section contains a detailed description of how each detector component was selected and handled before its final installation in CUPID-0.
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For the first time ever large mass Zn$\documentclass[12pt]{minimal}
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As described in \[[@CR18]\], the synthesis of Zn$\documentclass[12pt]{minimal}
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The 1 kg charge is sufficient for the production of a single crystal of 500 g, the rest is all recoverable material which is not included in the final crystal production given its poor crystalline quality, see Fig. [3](#Fig3){ref-type="fig"}. The crystal is grown using the Bridgman technique at 1500 $\documentclass[12pt]{minimal}
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The final crystal is then shaped and optically polished with specific materials and procedures, for further details on the crystal polishing and lapping see \[[@CR18]\]. All these delicate procedures were carried out inside a clean-room where a Radon-abatement system was installed in order to reduce any possible recontamination of the crystals after the polishing. The $\documentclass[12pt]{minimal}
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In Fig. [4](#Fig4){ref-type="fig"}, the masses of all CUPID-0 crystals and the fraction of the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$0\nu \beta \beta $$\end{document}$ source are shown. They range from about 150 g to about 500 g, due to the difficult growth conditions. From each ingot, the crystal cuts were performed so that the crystal mass and its quality were maximized. The two crystals with the lowest content of Se are the natural ones.Fig. 4Crystal masses. The $\documentclass[12pt]{minimal}
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Ge light detectors {#Sec6}
------------------

Operating reliable and robust LDs is of paramount importance, since the particle identification relies on the performance of these devices.

The Ge substrate/absorber, purchased at UMICORE Electro-Optic Material (Geel, Belgium), is a double side polished wafer of diameter 44.5 mm and an average thickness of 170 $\documentclass[12pt]{minimal}
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All the long-standing experience in the development of cryogenic LDs \[[@CR19]\] helped in defining the critical issues for an efficient particle identification and rejection, above all: energy resolution and signal amplitude. The former is strongly dependent on the operating conditions of the thermal sensor, as it is thoroughly discussed in \[[@CR20]\]. The latter mostly depends on the detector design and on the ability to maximize the light detection efficiency. For this reason a dedicated procedure for the enhancement of the light collection efficiency using an anti-reflective coating was developed at CSNSM (Orsay, France). Furthermore, a reflecting foil was employed for focusing on the LD the scintillation light coming from the ZnSe crystal.

A way to significantly improve the LD performance is to increase the light collection by minimizing its reflectivity. Such improvement can be achieved by means of a special anti-reflective coating on the side of the detector which is facing the scintillating bolometer.

One of the simplest methods to reduce the reflection is the so called *refractive index matching*. In the approximation of normally incident light from a transparent to an absorbing medium, the absorbed fraction can be calculated by the following formula:$$\documentclass[12pt]{minimal}
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The best thickness for the layer can be determined by fulfilling the conditions for an optimal anti-reflective coating in the approximation of single-layer interference. The coating thickness should be $\documentclass[12pt]{minimal}
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Several cryogenic tests on anti-reflective coatings were performed at LNGS and at CSNSM during the past years \[[@CR23]\]. The best results were achieved with a SiO coating, which has a refractive index of $\documentclass[12pt]{minimal}
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Forty Ge absorbers were prepared at CSNSM for CUPID-0. Before the SiO deposition each Ge wafer was previously etched with a mixture of nitric (HNO$\documentclass[12pt]{minimal}
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After the chemical etching the surface was also treated with an Ar ion bombardment. The gas was ionised with an electron gun, the Ar pressure during the bombardment was 3$\documentclass[12pt]{minimal}
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The evaporation rate was tuned to be in the range of 0.5--1 nm/s. The deposition thickness is controlled with a high precision (\< 0.1 nm) piezoelectric quartz crystal; its resonance frequency depends on the deposited mass. The average final thickness of the SiO coatings was between 70 and 80 nm. This is a good approximation of the value required by the single-layer interference anti-reflective coating, as previously discussed (see Fig. [6](#Fig6){ref-type="fig"}).Fig. 6Light detector before its assembly. The side with the antireflective coating is visible. The coating results in a dark internal circle, while 2 mm on the edge are uncoated

VIKUITI light reflector {#Sec7}
-----------------------

The light reflector foil installed around the crystal is a VIKUITI multi-layer specular reflector produced by 3M. The foil has been characterized at different temperatures and it ensures a reflectivity greater than 98% for wavelengths between 400 and 800 nm \[[@CR24]\] over a wide temperature range, from 300 to 20 K.

The emission spectrum of ZnSe at 10 K has different components, the most intense is at 645 nm \[[@CR22]\], thus ensuring an excellent light collection efficiency.

The reflector radiopurity was investigated with ICP-MS at the LNGS employing an innovative mineralization procedure for the sample preparation \[[@CR25]\]. The measured concentration of the elemental Th and U were 12 ± 3 and 14 ± 4 ppt, respectively, see Table [2](#Tab2){ref-type="table"}.Table 2Bulk contaminations of the VIKUITI-3M light reflector. The measurement was carried out at the LNGS by means of a mineralization procedure and an ICPMS analysis. The overall mass of VIKUITI-3M used in CUPID-0 is 17 g. The total activity is 0.8 ± 0.2 $\documentclass[12pt]{minimal}
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Ge-NTD thermal sensor {#Sec8}
---------------------

The CUPID-0 thermal sensor production started in March 2012. Nine wafers of high-purity Ge, $\documentclass[12pt]{minimal}
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                \begin{document}$$\mu $$\end{document}$K.Fig. 7Six out of 9 Ge wafers, diameter of 65.5 and thickness 3.25 mm, installed in an Al holder before neutron irradiation at the MIT Nuclear Reactor Laboratory (MA, USA)

An accurate and precise measurement of the flux and neutron dose to which the Ge wafers are exposed is of paramount importance for the success of the experiment. These values will depend the detector response and resolution. The entire neutron dose should not exceed 2% of the nominal value, which is estimated to be at the level of 4$\documentclass[12pt]{minimal}
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To achieve such high accuracy and precision nominal neutron dose, we decided to irradiate: 3 wafers at ±7% of the target dose, 2 wafers at ±3%, 1 wafer at +2% and 3 wafers at the nominal value. This choice was driven by the fact that the Nuclear Reactor facility could ensure dose within 5% of the target value. While irradiating the Ge wafers some witness samples were also exposed to the same neutron flux. These were used for an accurate off-line evaluation of the total exposure, by means of Neutron Activation Analysis \[[@CR27]\]. At last, a fine tuning of the neutron dose was carried out at the LENA Nuclear Research Reactor Laboratory (Pavia, Italy). The wafers that received a neutron dose closest, but lower, than the nominal value underwent a neutron exposure at the LENA reactor. The LENA most intense neutron flux is about 3 orders of magnitude lower than the MIT reactor flux, thus allowing a more accurate neutron irradiation. A detailed mapping of the LENA reactor neutron fluxes was performed \[[@CR26]\] before irradiating the sensors. This allowed us to select the irradiation channel more suitable for our purposes, thus with a ratio thermal/fast neutron flux of about 20.

On the two large area of the Ge wafer a 4000 $\documentclass[12pt]{minimal}
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The sensors, before their coupling to the absorbers, are equipped with gold wires. A dedicated ball-bonding machine was used for the bonding of gold wires of 25 $\documentclass[12pt]{minimal}
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### Sensors gluing {#Sec9}

The mechanical and thermal coupling of the sensors to the crystal absorbers (referred to as gluing) is a well-known concern in the construction of bolometers because it influences the quality of the detector performance. In particular, the R&D towards the Cuoricino experiment \[[@CR28]\] established stringent requirements to this delicate process, involving the geometry of the glue interface between sensor and absorber, the selection of glue, and the environmental conditions (temperature and humidity) in which the operation has to be performed.

According to these constraints, it is preferable to deposit the glue in a matrix of dots, in order to compensate for the different thermal contractions at low temperatures. The most suitable number of dots for a 2.8 $\documentclass[12pt]{minimal}
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                \begin{document}$$^2$$\end{document}$ surface Ge-NTD is 9. These dots must have a diameter of 0.7 mm, while their height is determined by imposing a 0.05 mm gap between the crystal and the absorber, see Fig. [10](#Fig10){ref-type="fig"}.

Moreover, the glue is deposited on the sensor surface instead of on the crystal, because the former is easier to reprocess in case of gluing failure, while the cleaning of the crystal surface may require an entire crystal surface polishing treatment.

The glue used for the process must have a density high enough to avoid the merging of the dots after their deposition. Besides that, it has to work at cryogenic temperatures through several thermal cycles, and it must fulfil the radiopurity constraints required by the experiment. The selected glue is the bi-component epoxy Araldite Rapid by Huntsman Advanced Materials \[[@CR29]\]. It has a viscosity of 30 Pa s, a very quick pot life of about 3 min, but also a very short curing time of about 1 h and low radioactivity, less than 8.9 $\documentclass[12pt]{minimal}
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To improve the reproducibility of the detector performance, a R&D was carried on to develop a semi-automated system for the sensor-to-absorber coupling of the CUPID-0 bolometers, similar to the one developed for the CUORE experiment \[[@CR31]\]. The CUPID-0 gluing system was developed starting from the previously acquired knowledge \[[@CR32]\]. The result was a semi-automated system in which the dots are placed through a matrix of spring-loaded tips applied to a x-z Cartesian robot, see Fig. [10](#Fig10){ref-type="fig"}-1. The introduction of automated elements reduces the variability induced by manual work and gives the advantage of precise timing, which is useful considering the short epoxy life-time.

The gluing procedure is divided in three steps: the tool preparation, the glue dispensing and the crystal deposition. Among the three, only the second one is automated. Firstly, the Cartesian robot is equipped with the correct spring-loaded tip matrix according to the kind of Ge-NTD to be glued (a nine tip matrix for the 2.8 $\documentclass[12pt]{minimal}
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                \begin{document}$$^3$$\end{document}$ Ge-NTDs for LDs). Then the sensor is placed on a positioning device on the Cartesian robot, where it is held in place by vacuum, see Fig. [10](#Fig10){ref-type="fig"}-1 and -2. In parallel, the crystal is prepared in a dedicated PTFE holder that will be inserted onto the sensor positioning device after the glue handling phase. This begins with the mixing of the two epoxy components through a dispensing gun provided with a disposable static mixer; the mixed glue is poured and then levelled in a small PTFE container placed on the Cartesian robot. The x--z arm dips the tip matrix in the glue container and then presses it onto the sensor surface to deploy the glue dots. The correct size of the single glue dot is determined by choosing a proper diameter of the tip (0.53 mm) in combination with the depth of the glue container (0.70 mm). The fact that the tips are spring-loaded ensures a uniform collection/deposition of the glue by each tip.

Finally, the crystal is lowered on the Ge-NTD thanks to the PTFE crystal holder in which it was previously hosted, see Fig. [10](#Fig10){ref-type="fig"}-3, that ensures a gap of 0.05 mm between the crystal and Ge-NTD surfaces. This, together with the fact that the sensor is held by vacuum for all the glue curing time prevents the dots to merge in a layer, preserving the shape of the dot matrix.

All the absorbers are also equipped with a Si resistor which are used for injecting fixed amount of energy in the crystals \[[@CR33]\]. These produce signals similar to the one induced by particle interaction, and they are used for the correction of the detector gain drift caused by the continuous cooling down of the experimental apparatus.

The gluing activity of CUPID-0 was performed inside a Radon-free cleanroom to ensure low radioactive conditions (\< 20 mBq/m$\documentclass[12pt]{minimal}
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Ultra-clean copper {#Sec10}
------------------

The CUPID-0 detector structure, is mainly composed by copper, it makes about 22% of the overall detector mass. Minimizing the concentration of radioactive impurities, especially from the surface of the detector structure is important for suppressing possible high-energy $\documentclass[12pt]{minimal}
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The frames that hold the crystals are made of electrolytic tough pitch copper, also known as NOSV copper. Some impurities, including decay products of $\documentclass[12pt]{minimal}
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All the NOSV Cu components were cleaned within a period of 6 months. The cleaning protocol consists of five general macro steps divided in sub-steps for a total of 61 individual processes. The time required for cleaning one set was about ten days. The total number of pieces cleaned was 268: 78 columns (with 26 different lengths), 70 frames, one large copper plate for the tower installation, and several spare parts.

### Cleaning process protocol to reduce the radioactive contamination levels in Cu components {#Sec11}

The cleaning procedure, developed at the Legnaro National Laboratories (LNL) of INFN consists of a sequence of successive treatments: Tumbling, Electropolishing, Chemical etching and Magnetron plasma etching (T+E+C+M). The storage of the Cu parts after each cleaning step was performed in a clean-room to avoid possible re-contamination of the surface.*Pre-cleaning process*: the pre-cleaning is performed for removing any lubricant residues deposited on the copper surfaces, and it directly affects the efficiency of the electropolishing process. It is performed wiping the Cu surface using specific wipes and a sequence of three different solvents: tetrachlorethylene to disolve organic materials, acetone to degrease and remove tetrachloroethylene, and ethyl alcohol to dissolve the acetone from the Cu surface. Later, the copper pieces are cleaned in ultrasound baths (33 kHz) at 40 $\documentclass[12pt]{minimal}
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                \begin{document}$${^\circ }$$\end{document}$C for 10 min with deionized water and NGL 17.40 P.SP powder soap. Right after the bath, the copper pieces are dried with alcohol and nitrogen taking precautions to avoid re-contamination.*Chemical etching pre-electrochemical process*: the Cu surfaces must be prepared for the electropolishing process. Tumbling was used for CUPID-0 pieces, except for some delicate parts that cannot undergo the tumbling process, due to the high precision machining and small holes (less than 1 mm). In this case the tumbling step cleaning protocol is substituted by an ammonium persulfate chemical treatment with a concentration of 20 g/L for 2 h.*Electrochemical process*: the electropolishing can remove surface layer up to 50 $\documentclass[12pt]{minimal}
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                \begin{document}$$\upmu $$\end{document}$m for the other parts. To avoid the removal of Cu in specific area of the detector components such as the threads, PTFE protections were used. The Cu pieces are placed inside an electrochemical solution of 40% of butanol -- 60% of phosphoric acid, using a specifically designed anode for each type of Cu component. During the process, the amount of Cu etched from the surface is monitored through a tuning of the current flowing inside the electropolishing solution and through the time spent inside the acid bath. After the electrochemical treatment, the residual electropolishing solution is removed with ultrasonic cleaning.*Chemical etching process and Passivation*: the chemical etching is applied to reduce the radioactive contaminants from the areas screened with the PTFE protections. The erosion rate is about 2 $\documentclass[12pt]{minimal}
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Detector assembly {#Sec12}
=================

All activities for the construction of CUPID-0 detector were carried out in an underground Rn-suppressed clean room, with a Rn contamination of less than 20 mBq/m$\documentclass[12pt]{minimal}
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Fig. 11Photos of the two working areas inside the cleanroom. On the left is shown the station were the Ge-NTD thermal sensors are glued to the absorbers, and on the right is shown the area where the tower are assembled

Fig. 12Light detectors assembly: (1) Positioning of the Ge wafer with the PTFE O-shape holders on the mounting template. (2) Positioning of the copper holder and connection of the Ge-NTD gold wires for the detector read-out. (3) Storage of the assembled light detectors in a vacuum box. (4) Fit and tighten of the handling tool and removal from the mounting template

The first step in the CUPID-0 tower construction was the pre-assembling of the LDs: each Ge wafer equipped with Ge-NTD was held in its copper frame using three PTFE O-shape holders. Since the Ge wafers are 170 $\documentclass[12pt]{minimal}
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                \begin{document}$$\upmu $$\end{document}$m thick specific assembly tools were developed in order to avoid accidental damage and recontamination of the copper frames during the assembly procedures. These tools were made with a ENVISIONTEC ULTRA 3SP 3D printer using a highly radiopure plastic resin (see Table [3](#Tab3){ref-type="table"}). These tools consisted of a mounting template and of a handling system (see Fig. [12](#Fig12){ref-type="fig"}-1 and -4 respectively). The assembly procedure for the 31 LDs of the CUPID-0 detector consisted in the following steps: positioning of the Ge wafer with the PTFE O-shape holders on the mounting 3D-printed template, installation of the Cu frame on the LD and connection of the Ge-NTD gold wires to the Cu frame for the sensor read-out, fitting and tightening of the handling tool and removal from the mounting template and finally their storage of the assembled LDs in a vacuum box, see Fig. [12](#Fig12){ref-type="fig"}.

The second step in assembling the CUPID-0 detector was to physically assembly the towers using Cu, PTFE, 26 crystals and 31 pre-assembled LDs. The towers were manually built, one floor at the time [5](#Fn5){ref-type="fn"}, starting from the lower one. In order to maintain a suitable operational working height, the towers were assembled in an automatically adjustable table, named garage. After the assembly of the first floor, the tower is lowered by the height of this floor, in this configuration the operator always works at the same level.

The main steps for the assembly of a single tower are shown in Fig. [13](#Fig13){ref-type="fig"}. The first operation is the positioning of the first pre-assembled LD on the bottom copper holder of the tower and the installation of the first three columns that will host the ZnSe crystal, then the positioning of the ZnSe crystal on the bottom copper frame equipped with three S-shaped PTFE clamps. The third step is the installation of the VIKUITI-3M reflector and the top copper holder equipped with three S-shaped PTFE clamps. At this point the electrical connections between the gold-wire and the mechanical structure are finalized. The wires are crimped into the insulated copper tubes glued into the frames. Finally the second LD is installed on the top frame of the previously installed ZnSe crystals. This procedure is repeated until a tower of 5 (or in one case 6) floors.

After the completion of the assembly of the five towers, they are installed on a copper plate which is directly coupled to the cryogenic system, see Fig. [14](#Fig14){ref-type="fig"}.Fig. 13Single tower assembly: **a** positioning of the first pre-assembled LD on the bottom copper holder of the tower; installation of the first three columns that will host the ZnSe crystal. **b** Positioning of the ZnSe crystal on the bottom copper frame equipped with three S-shaped PTFE clamps. **c** Positioning of the VIKUITI-3M reflective foil. **d** Positioning of the top copper holder equipped with three S-shaped PTFE clamps; connection of the Ge-NTD gold wires in the inner copper pins. **e** Positioning of the top pre-assembled LD. **f** Coupling of the pre-assembled LD with the top ZnSe copper holder

Cryostat {#Sec13}
========

The CUPID-0 cryostat is the same cryogenic infrastructure that hosted the CUORICINO \[[@CR28]\] and the CUORE-0 \[[@CR36]\] detectors. This system was upgraded in order to meet our stringent requirements in terms of low vibrational environment and increased number of read-out channels. The cryostat was commissioned at the LNGS in 1988 and it is a Oxford TL1000 dilution refrigerator with a copper He dewar. The $\documentclass[12pt]{minimal}
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                \begin{document}$$^{4}$$\end{document}$He dilution unit has a cooling power at 100 mK of about 1 mW. This ensures the possibility to install in the system a large number of read-out channels without spoiling the cryostat performance in terms of cooling power.

In Fig. [15](#Fig15){ref-type="fig"}, the cryogenic system hosting the CUPID-0 detector is shown. The detector is installed right below a Roman Pb shield by means of a spring and it is thermally coupled to the Mixing Chamber stage (MC) by means of a high-purity (99.999%) copper foil of 50 $\documentclass[12pt]{minimal}
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                \begin{document}$$\upmu $$\end{document}$m thickness. The MC, which is the coldest point of the system, ensures the detector cooling down to the designed base temperature of 7.5 mK.Fig. 14CUPID-0 detector installed on the cryogenic system, just below the 10 cm thick Roman Pb shielding Fig. 15Dilution unit photo. The different thermalization stages are identified by the arrows. A Roman Pb shield is hung on the MC stages by means of a vibrational damping system. The junction board is installed on the Pb stage, this is shown in Fig. [17](#Fig17){ref-type="fig"}

Two major upgrades were implemented in the system compared to the previous configuration: increasing the number of read-out channels and installing a mechanical decoupling system as anti-vibrational damping system. Upgrading the number of read-out channels was a mandatory step given the fact that for each ZnSe crystal there is also a LD; this doubles the number of wires from room temperature down to the detectors. When hosting the CUORE-0 experiment, the cryostat was able to read out up to 52 bolometers; now the system can handle up to 136 detectors, irrespectively if they are ZnSe crystals or LDs. For CUPID-0 67 channels are used: 26 for ZnSe crystals, 31 for LDs and 10 thermometers for monitoring the stability of the detectors and of the system. The remaining available channels might be employed for a future upgrade of the detector.

The signals are extracted from the detectors using NbTi-NOMEX$\documentclass[12pt]{minimal}
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                \begin{document}$$^{\textregistered }$$\end{document}$ ribbon cables. The NbTi-NOMEX cables run from room temperature down to the MC, see Fig. [16](#Fig16){ref-type="fig"}, while from the MC to the detectors there are twisted 60 $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\upmu $$\end{document}$m constantan wires. All the cables are thermalized at the different temperature stages of the cryostat, and on the MC they are plugged into custom-made junction boards through Zero Insertion Force (ZIF) connectors, which connect the ribbon to the constantan wires, as shown in Figs. [16](#Fig16){ref-type="fig"} and [17](#Fig17){ref-type="fig"}.Fig. 16NbTi-NOMEX cable from 300 K to the mixing chamber. On the room temperature side they are soldered to Fischer 27-pin connectors on the other end they are soldered to customized Cu-Kapton Zero Insertion Force connectors Fig. 17Junction boards on the MC for connecting the NbTi-NOMEX cables to the constantan wires from the detectors

The NbTi-NOMEX ribbon cables are made of 13 twisted pairs of 100 $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\upmu $$\end{document}$m NbTi twisted wires. Their low radioactivity and electrical properties \[[@CR37]\] make them the best choice for the detector read-out. They are characterized by low thermal conductivity, becoming superconducting below 10 K, low parasitic capacitance (100 pF/m), negligible cross-talk, and 500 twisting/m.

The second major upgrade of the cryogenic system consisted in a mechanical double stage anti-vibrational decoupling system, similar to the one developed in \[[@CR38]\]. The main purpose for the development and installation of such system was driven by the fact that any microphonic noise source has to be minimized, in order to prevent any spoiling of the LD bolometric performance. In fact the LDs, having a higher sensitivity compared to the ZnSe crystals, requires a much lower vibrational environment compared to a system where only massive crystals are operated \[[@CR39]\].

Figure [18](#Fig18){ref-type="fig"} shows a scheme of the designed mechanical decoupler which is directly hanging from the MC using the top brass ring. The circular brass piece holds in place the 10 cm thick Roman Pb shield by means of three custom-designed wires made of harmonic steel (red color of Fig. [18](#Fig18){ref-type="fig"}, where just one wire connector is shown). The Roman Pb shield is connected to the harmonic steel wires by means of three harmonic steel wings mechanical anchored on the Pb (purple color of Fig. [18](#Fig18){ref-type="fig"}). The characteristic longitudinal resonance frequency of this first decoupling stage is about 12 Hz. On the top of the Pb shield is encapsulated a steel spring which is mechanically connected to the detectors by means of Cu cylinder housed inside the Pb shield. The Cu connector is mechanical decoupled from the Pb acting as second mechanical decoupling system, and it is characterized by longitudinal resonance frequency of about 5 Hz. The Cu connector acts as shielding from the radioactivity of the spring, which due to mechanical reasons is not made from high purity materials.
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                \begin{document}$$\upmu $$\end{document}$m thick 6 cm long, 2 cm wide copper stripes between the first damping stage and the Cu detector top plate.Fig. 18Rendering of the double stage mechanical decoupling system. This is installed directly on the cryostat mixing chamber with the top brass anchor and on the bottom part there is a Cu mechanical connection for the detector installation

Detector readout {#Sec14}
================

The readout system of CUPID-0 shares the same general structure as that of the CUORE experiment \[[@CR40]\]. Many of the operating parameters were optimized for CUPID-0. Figure [19](#Fig19){ref-type="fig"} shows the block diagram of the readout chain for a single detector, valid for both crystals and LDs. The thermistor $\documentclass[12pt]{minimal}
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We designed two different options: (a) low parallel noise, less than $\documentclass[12pt]{minimal}
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In Fig. [20](#Fig20){ref-type="fig"}a, b, the RMS noise at 5 Hz is shown for the ZnSe crystals and the LD, respectively. The measured noise in the present setup is larger than expected considering the value of the detector impedances, the contributions from the front-end amplifier and the load resistors. Future optimization will be focused on further reducing the observed noise, minimizing mechanical vibrations and mitigating the pre-amplifier noise, attempting to reach this limit.

The amplified signals are routed out of the Faraday cage to the antialiasing filters (Bessel--Thomson, 6 poles) and the data acquisition system (DAQ) \[[@CR41]\]. The cutoff frequencies, settable in 4 steps, are 15, 35, 100, 120 Hz for the crystals and 15, 100, 140, 220 Hz for the LDs. The final values are set at 35 and 100 Hz for the ZnSe crystals and LDs, respectively. The DAQ hardware consisted of six National Instruments (NI) PXI-6284 digitizer boards in a NI PXI-1036 chassis. Each board digitized 16 differential channels with 18 bit resolution over a range of ±10.5 V. The ZnSe crystals and the LDs are acquired with a sampling frequency of 1 and 2 kHz, respectively. The recorded waveform have a length of 2 and 0.5 s for the two types of bolometer.

The Pulser board is used to generate voltage pulses, which are injected onto the detector by resistor $\documentclass[12pt]{minimal}
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Detector configuration {#Sec15}
======================

CUPID-0 detector was cooled down in February 2017 and the first operation to be performed was the evaluation of the detector temperatures. This consists in measuring the resistance of the Ge-NTD sensors on all the ZnSe crystals and LDs. According to the sensor design we are expecting a base resistance ($\documentclass[12pt]{minimal}
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                \begin{document}$$R_{work}$$\end{document}$ is the Ge-NTD resistance once the operational parameters of the detector are set, e.g. biassing current.Fig. 21Distribution of the Ge-NTD sensor resistances for ZnSe (**a**) and LD (**b**) at the operating conditions

In Fig. [21](#Fig21){ref-type="fig"}a, b, the distributions for the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$R_{work}$$\end{document}$ for the ZnSe crystals and LDs are shown. The distribution of the LD resistances tells us that the production of such devices is highly reproducible and there is a robust control of the critical aspects for the detector production. For the ZnSe, on the other hand the spread of the distribution is large and this is due to two different aspects: the first is because the crystals have different masses, hence different heat capacities, and the second because there is limited control of the ferromagnetic impurities inside the absorber. We performed a bias scan in order to evaluate the best operating condition of each ZnSe crystal and LD. This was done varying the bias current of each detector and evaluating the best signal-to-noise ratio for each configuration. In Figs. [22](#Fig22){ref-type="fig"}, [23](#Fig23){ref-type="fig"}, we show how the signal amplitude varies as a function of the detector biasing voltage for a ZnSe detector and how the sensor is able to stand sizeable power dissipation without affecting its working resistance. In the detectors the reference signals are generated by a Si resistor coupled to the crystal operated as Joule heater.Fig. 22Characteristic load curve of a CUPID-0 ZnSe crystal operated with a Ge-NTD thermal sensor. The figure shows how varying the detector biasing voltage acts on the signal amplitude (red) and on the voltage drop across the sensor resistance (blue) Fig. 23Characteristic load curve of a CUPID-0 ZnSe crystal operated with a Ge-NTD thermal sensor. The figure shows how a Ge-NTD stands high power dissipation without affecting the sensor operational conditions

In order to better estimate the best operating conditions of the detector, the signal-to-noise ratio is the key parameter to be optimized for each ZnSe crystal and LD. In fact, also the noise amplitude has to be taken into account, especially the parallel Johnson noise that develops across the resistors of the biasing circuit, which becomes more relevant at high values of the Ge-NTD resistances, hence lower temperatures. A compromise between low noise condition -- higher temperature -- and large signal amplitudes -- lower temperature -- must be established. A reference pulse is generated on each absorber dissipating the same amount of energy through the Si resistors. While varying the biasing voltage we monitor how the amplitude of the reference signal varies and how the detector noise changes. In Fig. [24](#Fig24){ref-type="fig"} we show the signal-to-noise ratio for a set of measurements at different detector operating bias for ZnSe and LD's. The reported values are estimated filtering the acquired pulses by means of the Optimum Filter technique \[[@CR45]\].Fig. 24Signal-to-noise ratio (SNR) scan for LDs (top) and ZnSe crystals (bottom) varying the voltage bias. It is calculated as the ratio of the filtered pulser amplitude to the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sigma _{baseline}$$\end{document}$. V$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$_0$$\end{document}$(Max Amplitude) represents the biasing voltage which gives the maximal pulse amplitude. The scan is performed at bias higher than V$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$_0$$\end{document}$(Max Amplitude) because we expect a stronger reduction of the noise compared to the signal amplitude

Summarizing, for each absorber, load curve measurements are performed by evaluating the configuration that maximizes the signal amplitude, see Fig. [22](#Fig22){ref-type="fig"}. Then, a narrower scan in proximity of region of operation is carried out, aiming at defining the best signal-to-noise ratio, see Fig. [24](#Fig24){ref-type="fig"}.

Detector performance {#Sec16}
====================

The overall detector performance is benchmarked by means of a $\documentclass[12pt]{minimal}
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                \begin{document}$$^{232}$$\end{document}$Th calibration source deployed next to the detector, but outside of the cryostat. This is used to calibrate the energy response of the detector at the RoI and of the baseline energy resolution[6](#Fn6){ref-type="fn"}. Unfortunately, we are only able to calibrate the ZnSe crystals and not the LDs, due to their low mass. The best method to calibrate such small devices would be to place a permanent X-ray source on the detector, as it was already done in \[[@CR13]\]. In CUPID-0 we decided not to install any sort of permanent source on the LDs for obvious reason related to the ultra-low background conditions in which the measurement is carried out.

In Fig. [25](#Fig25){ref-type="fig"}a, b we show the distribution of the detector FHWM resolutions for the ZnSe detectors at 0 keV (FWHM$\documentclass[12pt]{minimal}
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                \begin{document}$$_{baseline}$$\end{document}$ reveals to us that the cryogenic system and the electronics are performing at the cutting edge, given that the baseline noise in first approximation is independent of the absorber properties.Fig. 25Distribution of the ZnSe energy resolutions. The FHWM resolution at 0 keV, which is defined as the detector baseline noise, in shown in (**a**). While the distribution for the 2615 keV $\documentclass[12pt]{minimal}
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The average detector energy resolution is computed at 2.6 MeV, the most intense high energy gamma line next to the region of interest. The exposure-weighted harmonic mean FWHM energy resolution results to be 23.0 ± 0.6 keV. The spread in the energy resolution is driven by the limited crystal quality, in fact while an ideal bolometer is supposed to be a crystal with a single-crystalline structure, our ZnSe cystals have polycrystalline structures. This characteristic strongly affects the thermalization of phonons inside the crystal, hence the energy resolution. In fact, in this case the amplitude of the thermal signals will depend on the point of interaction inside the crystal, thus it will spoil the detector energy resolution, expecially for multi-Compton events occuring in one single crystal. We would like to underline the fact that there are still effective methods for improving the energy resolutions, and the most important one consists in taking advantage of the heat-light correlation in ZnSe crystals. In our group, while operating ZnSe bolometers, we were able to improve the detector energy resolution by 25% \[[@CR46]\] by means of the heat-light de-correlation.

In Fig. [26](#Fig26){ref-type="fig"}, we show the distribution of the signal amplitudes for the Zn$\documentclass[12pt]{minimal}
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This is the first time that a large number of bolometric LDs is operated: 31 channels. Their performance had not yet been investigated on such a large scale. Due to the lack of a calibration source for the LD, we investigate the LD performance by means of the pulses generated by Si resistor coupled to the absorber. In Fig. [27](#Fig27){ref-type="fig"}, the distribution of the signal-to-noise ratio of the heater pulses recorded on each LD is shown. The LD performance is extremely reproducible showing no major outlier. This proves the control and robustness of this technology for the scintillation light read-out.Fig. 27Distribution of the LD SNRs. The signal amplitude is evaluated on test pulses generated by a current pulse through a Si resistor coupled to each LD. The amount of dissipated energy is the same for each detector

Finally in Table [4](#Tab4){ref-type="table"}, we show the overall operating and performance parameters of all ZnSe crystals and LDs. The rise-time and the decay time are also shown. These are computed as the time interval between the 10 and 90% of the leading edge of the pulse amplitude and as the 90 and 30% of the trailing part of the pulse amplitude, respectively. Furthermore we also report the noise amplitude evaluated at 5 Hz which is within the signal bandwidth. This shows that the detector resolution is limited not by the electronics noise (see Sect. [7](#Sec14){ref-type="sec"}), but by the detectors themselves.

We would like to underline the fact that the energy calibration of the LD it is not needed in order to perform the particle identification and rejection, because this is carried out on the relative signal amplitude. Moreover, in Table [4](#Tab4){ref-type="table"} given the reproducibility of the LD performance we only show the median value for the different parameters.Table 4Summary of the main operating parameters of the CUPID-0 detectors. For the LDs only the median values are reported, given the small spread in the performance. Three detectors (Channel ID 3, 4, 8) have a reduced signal amplitude which prevented us from evaluating the detector energy resolution.Channel IDNameTowerTypeMassR$\documentclass[12pt]{minimal}
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Detector radiopurity {#Sec17}
====================

In order to achieve the extremely low-background index in the RoI for a sensitive investigation of $\documentclass[12pt]{minimal}
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                \begin{document}$$0\nu \beta \beta $$\end{document}$ decay, the detector radiopurity is fundamental. All the materials used for the detector realization were chosen for their ultra-low concentration of impurities. Nevertheless, the final detector radiopurity can be spoiled if dedicated procedures are not adopted, while producing or handling detector components. In order to validate and to prove the firm control of all the procedures adopted for the detector production, it worths to analyzing the internal contamination of all the crystals used for CUPID-0. At the same time, the study of the internal contaminations of the detector is fundamental for the development of a reliable and robust background model for the study of the possible background sources in the RoI.

Thanks to the excellent particle discrimination, we can select with high efficiency only events induced by $\documentclass[12pt]{minimal}
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In the energy spectrum, the peaks between 4 and 7 MeV are induced by natural radioactive decays occurring in the crystal bulk, while the excess of events at higher energies are induced by pile-up events, usually defined as Bi-Po cascade. In the $\documentclass[12pt]{minimal}
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All the other events in the energy spectrum are mostly ascribed to surface $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha $$\end{document}$ contaminations \[[@CR35]\].

In Table [5](#Tab5){ref-type="table"} we report the measured internal radioactive contaminations for the CUPID-0 enriched crystals. We also show the highest and lowest concentrations observed in each nuclide. The overall detector radiopurity complies with the needs for a extremely low background index in the RoI of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$^{82}$$\end{document}$Se, which is expected to be at the level of few 10$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$^{-3}$$\end{document}$ counts/(keV kg years). The average detector purity is not better than other bolometric detectors for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$0\nu \beta \beta $$\end{document}$ \[[@CR47]\], nevertheless if we look at the best values for each nuclide, the achieved radiopurity is competitive with the previously mentioned results.

An important observation that can be inferred from the table is the wide spread in the radiopurity level. In fact there is about one order of magnitude difference between the lowest and highest nuclide activity. All of the procedures established for the crystal production were not sufficient for keeping under complete control the impurity concentration in the crystals. Nevertheless, from preliminary studies we can state that the crystal purity has strongly improved during the crystal production; the crystals which show the highest purity are the one produced at end of the production campaign. A speculative explanation could be given by the fact that the crucibles employed for the crystal growth have not undergone a full purification process, which actually occurred during the crystal production.Fig. 28Total alpha energy spectrum of all detectors Table 5Evaluated internal $\documentclass[12pt]{minimal}
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CUPID-0 is the first large array of scintillating bolometers for $\documentclass[12pt]{minimal}
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                \begin{document}$$0\nu \beta \beta $$\end{document}$ decay investigations. The detector is made of 26 crystals, 24 of them are enriched in $\documentclass[12pt]{minimal}
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                \begin{document}$$0\nu \beta \beta $$\end{document}$ source mass and the particle discrimination capability may allow CUPID-0 to achieve background levels in the ROI unprecedented for bolometers. This is feasible thanks to the excellent performance and reproducibility of the LDs which are operated together with the Zn$\documentclass[12pt]{minimal}
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The large number of detectors, 31 LDs and 26 Zn$\documentclass[12pt]{minimal}
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                \begin{document}$$^{82}$$\end{document}$Se crystals, required an upgrade of the cryogenic infrastructure. The cryostat is now able to host up to 136 channels, thus also a possible second phase of the CUPID program. Furthermore an innovative and effective vibration damping system was installed which allowed CUPID-0 to achieve relevant results on the detector performance, in terms of baseline energy resolution.

The state of the art technologies in low background techniques and in cryogenic detector design have been implemented inside the CUPID-0 detector. The preliminary results obtained with this innovative detector are a significant step towards the demonstration of the feasibility of a next generation cryogenic bolometric experiment for the investigation of $\documentclass[12pt]{minimal}
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The heat-capacity of a dielectric and diamagnetic crystals scales with the third power of the ratio between its temperature operation and its Debye temperature.

ZnSe crystals and LDs have different dimensions, but also the height of each ZnSe crystal varies.

The natural isotopic abundance of $\documentclass[12pt]{minimal}
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                \begin{document}$$^{82}$$\end{document}$Se is 8.82% \[[@CR15]\].

Now Aurubis AG.

A floor is defined as a single module, this is composed by a Zn$\documentclass[12pt]{minimal}
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                \begin{document}$$^{82}$$\end{document}$Se and its most adjacent LD.

The energy resolution at 0 keV is evaluated as the detector baseline resolution and it is evaluated on acquired baseline where no pulses are recorded.

This work was partially supported by the European Research Council (FP7/2007-2013) under contract LUCIFER no. 247115. We are particularly grateful to M. Iannone for the help in all the stages of the detector construction, A. Pelosi for construction of the assembly line, M. Guetti for the assistance in the cryogenic operations, M. Lindozzi for the development of cryostat monitoring system and the mechanical workshop of LNGS (in particular E. Tatananni, A. Rotilio, A. Corsi, and B. Romualdi) for continuous and constructive help in the overall set-up design. We acknowledge the Dark Side collaboration for the use of the low-radon clean-room.
